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Abstract 
In order to develop robust condition monitoring and prognosis technologies and systems for wind turbine gearboxes, a comprehensive review 
of the state-of-art of condition monitoring and fault diagnosis techniques has been carried out. The challenges and opportunities are identified 
to guide future research in improving the accuracy and ability of condition monitoring and prognosis  systems for wind turbine gearboxes. This 
review also focuses on the fault diagnosis technologies and application of novel sensors in wind turbine gearbox condition monitoring. 
 
© 2013 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the "2nd International Through-life Engineering 
Services Conference" and the Programme Chair – Ashutosh Tiwari. 
 Keywords: Condition monitoring; wind turbine; gearbox; oil analysis; signal processing; operation and maintenance 
1. Introduction 
Since the early 1980s, wind power technology has 
undergone an immense growth with respect to both  the 
turbine size and the capacity installed worldwide. Global 
Wind Energy Council (GW EC) reported that during the 
period of 1996 to 2011, the average cumulat ive growth rate of 
wind power was over 20%, and the commercial wind power 
capacity installed in about 80 countries totalled about 240 GW  
at the end of 2011, as shown in  Fig. 1 [1]. As a mainstream 
electricity generation source, wind power plays a central role 
in an increasing number of countries’ immediate and longer 
term energy plans. For example, the US targets 20% wind 
based electricity generation, i.e. over 300 GW, by 2030 [2]. In  
2009, EU Communication has also set a target share from 
wind energy of 20% for the EU electricity by 2020 and 33% 
by 2030 [3]. China aims  for 15% renewable power generation 
by 2020 [4].   
However, wind turbines (WT) are complex electro-
mechanical systems which ext ract kinetic power of the wind 
and convert it into electrical power. The wind turbines often 
work under very harsh environment, with rapidly changing 
environment temperature, air p ressure and alternating load 
operation conditions. Thus wind turbines are subjected to 
different sort of failures, and the wind energy industry has 
been affected by failu res of wind turbine components, such as 
main bearings, gearboxes, and generators. Moreover, wind 
turbines are hard-to-access structures, and often located in  
rural areas, such as a mountainous area or at sea with t raffic 
inconvenience. In addition to downtime loss of power 
generation, replacing failed components usually involves 
cranes and lift ing equipment as well as service crews, which  
put huge impacts on the cost of wind energy. The relatively  
high operation and maintenance cost is a critical issue for 
making wind energy competitive to conventional sources and 
achieving the desirable renewable targets. Therefore, research 
in condition monitoring and fault diagnosis of wind turbines 
has gained dramatically increasing attention, as illustrated in 
Fig. 2. It clearly shows that the research effort in the areas of 
condition monitoring (CM) for wind turbine has dramatically  
increased since 2005. In part icular, in the area of condition 
monitoring for wind turbine gearbox (CM_GB), there were 
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only two papers reported pre -2004, and about 3 papers per 
year in  the period  of 2004 to 2009. But the number of the 
publications in this area dramatically increased to 15 in 2010, 
and then rapidly grew in the following years. This reflects on 
the fact that the failure of gearbox contributes 21% to the total 
downtime of wind turbines, with the highest rate of 
downtimes per component among all the WT components, 
although it only accounts for 4% of the faults  [5,6,7]. 
Several rev iews on wind turbine gearbox condition 
monitoring have already been published in the last few years. 
Becker et al reviewed a number of commercial available 
condition monitoring solutions for wind turbine gearbox pre-
2006 [8]. Also in 2006, Hyers et al reviewed the state of the 
art condition monitoring and prognosis technologies used in 
aerospace applications and evaluated their applicability to 
wind turbine components (e.g. gearbox) [9]. In 2009, Lu et al 
reviewed the advancement made in  wind turbine condition 
monitoring and fault diagnosis between 2006 and 2009 
focusing on the monitoring of gearbox and bearing, rotor and 
blades, generator and power electronics [10]. They also 
discussed that it is more appropriate to use time -frequency 
analysis techniques such as  wavelet as a key  signal processing 
tool for vibrat ion signals for wind turbine  condition 
monitoring and fault diagnosis due to the transient nature.   
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Fig. 1. Global annual/cumulative installed wind capacities up to end of 2011 
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Fig. 2. Publications in research fields of condition monitoring for wind 
turbine (CM_WT) and wind turbine gearbox (CM_GB) in the period of 1991 
to 2012. 
The review also revealed there was an increasing trend in  
using acoustic emission (AE) for condition monitoring and in 
developing model based reasoning algorithms for fault  
detection. Recently, Hamilton and Quail published a detailed  
review on the oil monitoring techniques for wind turbine 
gearboxes and recommended that online ferrography, 
selective fluorescence spectroscopy, scattering measurements, 
Fourier Transform Infrared, photoacoustic spectroscopy and 
solid state viscometers are all suitable for gearbox CM based 
on their cost, size, accuracy and development. They also 
recommended that a combination of a number of sensors that 
analyse different characteristics of the oil would provide a 
greater accuracy than an individual one [11]. Zhong et al 
briefly discussed the common failures occurring in wind 
turbine gearboxes and their root causes. They also reviewed a 
number of monitoring  techniques, including vibrat ion 
analysis, oil analysis and AE techniques for gearbox condition 
monitoring, and outlined the challenges and future research 
directions for wind turbine gearbox condition monitoring 
[12].   
Compared to the previous reviews, this paper aims to 
review the most recent advances in condition monitoring and 
fault diagnosis techniques for wind turbine gearbox, with the 
focus on current and novel sensing techniques as well as new 
signal processing methods.   
2. Failure modes of wind turbine gearbox 
Wind turbines generally operate under extremely harsh 
environment conditions including dustiness, humidity, 
temperature, air pressure and unpredictable loads due to gust 
wind. Wind turbine drive trains are thus susceptible to severe 
tribological conditions such as wear, fatigue and corrosion, 
leading to increased component damages and machine 
malfunctions. According to a number of surveys of wind 
farms cross Europe and America, gearbox is by far the most 
liab le subsystem that is responsible for wind turbine 
downtime and maintenance cost. Wind turbine gearbox 
components are found to be subjected to a number of wear 
mechanis ms, such as abrasive wear, pitting, scuffing, erosion, 
crack, breakage, and ch ipping etc. The co mmon faults 
observed in wind turbine gearboxes are gear damage, bearing 
damage, b roken shaft, leaking oil and high o il temperature, 
where bearing failures due to micro-p itting, scuffing and 
white structure flaking (WSF) are found to in itiate majority of 
the gearbox failures [10,12-15].  
3. Recent advances in wind turbine gearbox condition 
monitoring and fault diagnosis 
SCADA (Supervisory Control and Data Acquisition) is the 
most common practice in wind turbine condition monitoring. 
It monitors the conditions of wind turbines based on their 
historical data, including wind speed, temperature and power 
outputs. Some SCADA systems also include vibration and oil 
debris monitoring data. SCADA is used to relate wind turbine 
operating conditions (speed, temperature and power) with the 
condition of the system, e.g. the rate at which  damage 
accumulated [15]. SCADA systems have been implemented 
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in many wind farms as requested by insurance policy. 
Although a good and useful practice, SCADA systems are not 
effective especially in detecting incipient turbine fau lts to 
provide sufficient warn ings for operators to take maintenance 
actions. As more and larger wind farms are being developed, 
the amount data collected by SCADA also becomes difficult  
to manage using conventional data processing methods. 
Therefore advanced data fusion/min ing strategies and reliable 
theoretical models are desirable to improve the ability of 
SCADA systems in detecting wind turbine failures early  and 
accurately. This is in fact required by all other sensing 
systems too. 
Apart from SCADA systems, vibration-based condition 
monitoring systems (CMS) are also widely  used in wind 
turbine condition monitoring, especially for wind turbine 
gearboxes. Majority of the existing commercially available 
vibration-based CMS use time-domain  or frequency-domain  
analysis based on Fourier t ransform (FT) for fault detection 
and diagnosis. However, they are not part icularly suitable due 
to the high transient nature of wind turbine vibration signals 
as Fast Fourier transform (FFT) provides only the global 
frequency averaged over a relatively large time span, which  
means the time information is lost during the transformation. 
Many efforts have been made to develop advanced signal 
processing techniques for vibrat ion signals to extract useful 
informat ion in recent years. Wavelet analysis, as one of the 
time-frequency analysis methods, has been developed to 
provide the change of frequencies in the signal over a period 
of time. A number of wavelets have also been adopted to 
remove non-stationary noise from the recorded vibrat ion 
signals. Among them, continuous wavelet transform, discrete 
wavelet transform as well as harmonic wavelet transform 
have been accepted as key signal processing methods for wind 
turbine gearbox monitoring [16-19]. Empirical mode 
decomposition (EMD), intrinsic mode function (IMF) as well 
as local mean decomposition (LMD), which are widely  used 
for non-stationary and non-linear signal processing, have also 
been applied in wind turbine gearbox failure detection and 
diagnosis, especially for slow speed WT components [20,21]. 
Other statistical analysis techniques, such as higher-order 
statistical analysis, cepstrum analysis and outlier analysis, 
have also been used to reduce the Gaussian noise in vibration 
signals and to reveal the fault-related non-Gaussian 
informat ion, thus identifying fault-related signal features [22-
24]. Apart from the above mentioned conventional statistics 
based data analysis, novel data mining approaches are also 
being developed for gearbox condition  monitoring  to 
effectively  deal with the rapid ly growing data size and 
diversity of measurement datasets [25]. 
A method based on the monitoring of motor and stator 
current has recently developed for WT gearbox monitoring. 
The advantage of this method is that the motor and stator 
current are already available in machine control processes and 
the data is easy to be obtained [26-30]. Their results showed 
that changes in the current can be related to the wind turbine 
operation conditions and machine fau lts. Renaudin et al 
developed optical or magnetic encoders that measure angular 
speed fluctuations due to localised faults in bearings and thus 
were used for bearing fault detection [31].  
Apart from developing robust individual sensing 
techniques, it is becoming more and more recognised that 
multip le-sensor integrated systems with multi-parameter 
approaches can achieve much better condition monitoring 
results. Each sensing technique has its own merits as well as 
limitat ions. For example, acoustic emission is found to be able 
to detect incipient failures in low-speed wind turbine 
components while vib ration monitoring is better in early fault  
diagnostics for the high-speed components. Crabtree et  al [32] 
developed a mult i-parameter approach based on comparison 
of independent signals (conventional vibrat ion condition 
monitoring signals with operational signals, such as load or 
energy) to increase the confidence in fault signal 
interpretation and thresholds generated. Also, vibration and 
AE based multi-sensing technology together with model 
based reasoning algorithms were developed to enhance fault 
diagnosis for wind turbine gearbox [19,33,34].  
4. Conclusions 
Recent advances in sensing and signal processing 
technologies have significantly improved the condition 
monitoring and prognosis of wind turbine gearboxes, and 
reduced the wind turbine operation and maintenance costs. 
However, accurate fau lt detection and reliable prognosis in 
wind turbine gearbox remain challenging due to the inherited 
complexit ies in their mechanical systems and operation 
conditions. In order to achieve robust condition monitoring 
for WT gearboxes, the following research areas need to be 
further strengthened:  
x Sensor Technologies: Most current condition monitoring 
systems are based on vibration and oil analysis. 
Accelerometers are often mounted on gearbox housings, 
which often leads to low signal-to-noise ratio that affecting 
the detection. This issue can be dealt with by using 
miniaturizing and/or embedding the sensors close to the 
fault sites. Apart from the existing sensing techniques, 
novel sensors such as Barkhausen noise inspection, in-situ 
hydrogen sensors, oil quality monitoring devices, as well 
as multi-sensor combination, should be further exploited 
for wind turbine gearbox monitoring.      
x Signal Processing and Data Management: As huge amount 
of data are being collected from wind farms, the fast 
growing databases require advanced signal processing 
techniques and data mining strategies to extract the most 
useful information for timely wind turbine condition 
monitoring and maintenance.  
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